Applied Thermal Sciences, Inc is developing and validating an automated, large-scale laser GMAWassisted welding process that can be utilized to fabricate high-precision lightweight structural shapes for shipbuilding and other industries. At the heart of this laser welding process is a real-time, adaptive Process Control System (PCS). This PCS is unique in that it utilizes weld quality attributes as process control variables. The system integrates these weld quality variables along with the more traditional process parameters such as laser power, wire feed, GMAW voltage and active seam tracking. This PCS has sufficient bandwidth and response time to achieve welding speeds up to 600 inches/minute. The high degree of integration of the various subsystems allows the PCS to coordinate and accurately regulate all of the necessary tasks in realtime during the laser welding process. In addition to process control, the weld quality attributes are also extracted and provide immediate documentation of weld quality. Thus, the system performs, at high speed, weld quality inspections that were previously manually performed offline. By eliminating manual inspection, product throughput is increased and product costs are reduced. This paper describes the laser welding PCS designed for a fully integrated prototype facility. While the prototype facility uses a 25 kW CO 2 laser, the PCS is adaptable to any type, power and wavelength of laser, and will be integrated with a high power Ytterbium fiber laser in the near future.
INTRODUCTION
In August of 2001, Applied Thermal Sciences, Inc. (ATS) embarked on a multi-year project to design and implement an automated, large-scale, laserwelding process that can be utilized to fabricate highprecision lightweight structural shapes. Current industry practice is to obtain the required structural shapes by deflanging or splitting hot-rolled I-beams, as shown in Figure 1 . Unfortunately, these practices leave structural designers in the position of having to choose stock shapes that are frequently heavier than needed and not optimally shaped.
Further, manufacturing tolerances for hot-rolled shapes are considerably coarser than those required for construction of naval combatant vessels. Both of these factors combined often lead to considerable re-work and additional expense.
Alternatively, structural shapes can be fabricated by first cutting the webs and flanges from plate stock followed by laser welding of the web to the flange. These laser fabricated structural shapes (LFSS) provide designers with the opportunity to utilize optimal section properties (the "design shape"), thereby ultimately resulting in a lighter weight and more cost effective design. For example, structural analysis studies show that if the I/T shapes were manufactured from plate stock of similar yield strength, but with optimal design shape, stiffener weight savings up to 33% can be achieved while still meeting all strength requirements for a Naval Surface Combatant [1] . Furthermore, since this approach also affords the designer the opportunity to utilize the higher yield strength materials, such as HSLA-65, potential stiffener weight savings up to 50% is possible.
The real-time, adaptive process control system (PCS) designed and being implemented for the LFSS project has the flexibility and versatility to control either an autogenous laser weld process, laser "cold wire" welding process (LBW-CW), or GMAW-assisted laser welding process. The autogenous, or laser-only, welding process can provide full penetration welds at high process speeds with minimal part distortion.
However, the autogenous process requires very tightly controlled web-to-flange gap tolerances. Without near perfect part fit-up, the autogenous process may result in undercuts or underfill due to joint gaps. The use of wire feed permits additional material to be delivered into the weld pool, by using a small percentage of the laser energy to melt the wire. This LBW-CW process results in full penetration welds without undercut at high process speeds while at the same time reducing part fit-up requirements. However, this process does increase laser power requirements. By combining the autogenous laser welding process with the Gas Metal Arc Welding (GMAW) process, web-to-flange gap tolerance requirements can be significantly relaxed. This reduces part fit-up requirements, eases fixture requirements, and allows reduced dimensional tolerance requirements for the cutting process of the flange and web plates. With this GMAW-assisted, or laser-hybrid welding process, the laser beam and GMAW arc simultaneously act in the same welding zone to support each other. It is believed that the energy from the laser beam is responsible for establishing the keyhole and weld pool, as in the laser-only process, and the GMAW system delivers additional molten material to the weld pool. The hybrid-laser process augments, at higher process speeds, the advantages of the autogenous laser process without the stringent tolerance requirements [2] .
BACKGROUND
As ATS set out to design, implement and demonstrate an automated laser welding process for the fabrication of structural shapes, it was recognized that there was no fully integrated system for controlling all aspects of a laser welding process. Thus, a major focus of the LFSS project has been to design a Process Control System (PCS) that controls in real-time the quality and geometry of the weld by monitoring both weld process and weld quality attributes, and using this data to regulate all of the weld process parameters.
In addition to ensuring setpoints of all process parameters are maintained, one of the functions of the PCS is to utilize weld joint data and weld quality attributes as process controls variables to dramatically improve both the physical profile and the consistency of the weld geometry. Control of these factors help maximize structural efficiency, minimize waste and have incidentally been shown to improve the fatigue life of the welded structure. It has been shown that welds with a concave profile can result in much better fatigue life than the same size weld with other profiles [3] . Thus, smaller weld sizes with a concave profile can achieve the same fatigue life as larger "flat profile" conventional welds. The PCS design described in this paper is able to efficiently produce structural shapes by controlling all aspects of the laser welding process and by enhancing the advantages of the laser welding process by accurately controlling the weld geometry in real-time.
DESCRIPTION OF PROCESS CONTROL SYSTEM
The PCS currently being implemented is modular in nature, enabling it to incorporate the newest technology as it comes into to market. Due to the high degree of integration and cross-communication of the various subsystems, the PCS is able to accurately regulate and coordinate all of the necessary tasks in real-time during the laser welding process.
The major elements of the PCS include the following as shown in Figure Figure 3 shows the mechanical arrangement of the GMAW torch, seam tracker sensor and weld inspection sensor connected to the welding head. Here, the seam tracking sensor leads, or looks ahead of, the weld pool, while the weld quality camera lags, or looks behind, the weld pool. This figure shows the GMAW torch leading the laser process; however the tooling mount design allows for easy reconfiguration of the system so the GMAW torch could lag the laser beam. 
Central Processor

Based on operator input specific to the particular part geometry and part material type, the CP then selects the initial process parameters from the parametric database. Such parameters include process speed and choice of laser welding process (whether autogenous, LBW-CW, or laser-hybrid), in addition to joint type, material type, and part geometry. Once these parameters have been entered and the laser welding process is initiated, the CP "homes" the welding head, which includes the beam delivery system to the starting point of the weld. It then ensures that the laser is properly running, engages the seam tracking system, enables the GMAW source and wire feeder (if they are needed for the particular weld process), engages the weld quality monitoring system and starts the welding process.
The heart of the PCS is the central processor. It interfaces with a customized Graphical User Interface (GUI), and it acts as the master controller and data processor. The central processor fully integrates the control and functionality of the various subsystems, as shown in Figure 2 . It ensures proper sequencing and control of the weld operations and of real-time monitoring and control of the weld quality. The hardware for the CP is a Pentium-based processor with a real-time operating system. The software responsible for performing all of the functions described in this paper is proprietary software developed for this project by ATS. The CP along with all of the other PCS subsystems have sufficient bandwidth and response time to achieve welding speeds up to 600 inches/minute.
The top level algorithm for the PCS is shown in Figure 4 . During the welding process the CP is responsible for ensuring that the three major tasks are performed in parallel and in real-time, as shown in the figure:
1. seam tracks the weld joint to keep the welding head in correct relation to the weld joint, 2. maintains closed-loop control of the weld process parameters (such as laser power, GMAW power, wire feed speed, etc.) based on joint gap data, and 3. maintains closed-loop control of the weld process parameters (such as laser power, GMAW power, wire feed speed, gas flows, etc.) based on both process variable feedback and weld quality attributes.
The first function is supervisory monitoring of the seam tracking system to ensure that the welding head is maintained at the proper position relative to the weld joint. In the second function, joint gap data from the seam tracking system is used as a process control variable to control the weld process parameters (such as laser power, weld speed, wire feed, GMAW power, etc.). For example, if the input from the seam tracker indicates an increase in the joint gap, the CP may change wire feed, GMAW power and/or process speed in order to maintain the desired weld geometry.
In the third function, all of the actual weld process parameters are compared to their respective setpoints and the CP makes any necessary adjustments. Also, weld joint profile data from the weld quality monitoring system confirms whether the process parameters have been adequately adjusted for the change in joint gap. Since situations, other than variable joint gap, can also affect the weld geometry the CP uses data from the weld inspection system to adjust process parameters if the weld geometry is trending away from the desired shape.
The CP can be configured to allow for operator intervention in the event that a parameter needs adjustment based on the operator's visual monitoring of the process. Alternatively, operator intervention may be limited or not allowed. Once the structural shape has been welded, a stop sequence or "stand-by" sequence is initiated for all of the subsystems. The CP then generates a weld quality inspection report, which includes a summary of all the process parameters recorded and a full 3D profile of the weld joint. If the portions of the welded structure does not pass inspection, all defects and their locations are identified. The stop or "standby" sequence is also issued by the CP should there be a system fault (such as an empty wire feed spool, loss of shielding gas, laser malfunction, etc.) requiring operator intervention prior to the completion of the weld.
Laser Controls
Though a 25 kW CO 2 laser is utilized to test the control process described in this paper, the modular design of the control system architecture allows any type of laser to be integrated easily with this PCS. The test facility built to test and demonstrate the GMAW-assisted laser welding process utilizes a 25 kW CO 2 laser, independently controlled by a PLC. Based on information in its database and on inputs from other systems, the CP transmits laser power requirements to the laser PLC. The laser PLC controls the details of laser operation and provides hardware interlock fault logic. In addition, it is responsible for transmitting laser operation and component status data to the CP, and for processing laser operation requests or commands generated by the CP. For example, based on input from the weld quality monitoring system, the central processor may decide to increase laser power and, if so, transmits this request to the laser PLC. The PLC then modifies the high voltage power settings to deliver the requested increase in laser power.
Seam Tracker
Based on data specification sheets provided by several vendors and manufacturers, a seam-tracking system utilizing a "laser camera" sensor was deemed superior to non-optically based systems because it provides the most accurate joint position data, is the only system that fully measures all joint profile parameters (such as joint gap, mismatch, crosssection, web-to-flange angle in T-joints, etc.), and can be utilized for welding any joint type.
The seam tracking system is comprised of a lasercamera sensor and an embedded processor, or "Seam Tracker Processor". Weld joint trajectory data, from the seam tracking system, serve as input for closedloop control of the beam delivery system. The integration of the seam tracking system with the adaptive beam-delivery controls permits accurate and real-time positioning of the laser beam relative to the weld joint. Though the seam tracking system only has been tested at process speeds up to 450 inches/min at the ATS test facility, it is expected that the seam tracker can perform at process speeds up to 600 inches/minute. The seam tracker sensor is attached to the weld head as shown in Figure 3 .
The technology used for the joint tracking lasercamera sensors is based on the principle of laser triangulation [4] . A low-power laser beam from 2-D laser diode "paints" the joint area and the resulting reflected scattered light is imaged onto either a CCD or CMOS sensor (see Figure 5 ). The signals from the joint tracking camera sensor are transmitted to a dedicated embedded processor where imageprocessing algorithms extract joint profile data. The welding head trajectory path is then computed from the joint profile data and corrected to compensate for "look-ahead" distances. Due to the measurement accuracy of the laser-camera sensor and processing speed of the embedded processor, computed trajectory path accuracies can be better than 0.010 inch, and weld processing speeds up to 600 inches/minute are possible. 
GMAW & Ancillary Controls
The Weld Head PLC is also used for closed-loop control of the GMAW power source, wire feeder system, and gas flow controls. Since the torch is mechanically attached to the weld head as shown in Figure 3 , the Weld Head PLC also controls their position. Closed-loop control of the GMAW power source and wire feed system was utilized in the fabrication of the welds described in Test Facility Description section. Specifically, the actual weld process parameters were compared to their respective setpoints and the CP made any necessary adjustments. Closed-loop control features with weld quality attributes and joint gap data are to be demonstrated in the next series of tests.
Weld Quality & Video Monitoring
The weld inspection system is optically based and the sensor is mounted to the weld head as shown in Figure 3 . Like the seam tracker, signals from the laser camera sensor are transmitted to a dedicated embedded processor where image-processing algorithms extract joint profile data. The weld joint profile data then serves as an input for closed-loop control of the various weld process parameters to ensure a part with good weld quality. Once the weld joint is completed, the CP generates a weld quality inspection report summarizing the joint profile data acquired during the welding process.
Though the technology and hardware for the seam tracking and weld inspection cameras are similar, sampling rates and spatial resolution requirements are more demanding for weld quality monitoring. The weld inspection camera requires higher spatial resolution since it has to precisely measure surface properties of the weld joint, which include but are not limited to fillet size, detection and measurement of undercuts, and detection and measurement of surface porosity and microcracks. A higher sampling rate is needed to maintain the high degree of spatial resolution at the process speeds anticipated for this laser welding process.
The weld inspection system has been installed and interfaced with the CP. Various tests have been performed to check the accuracy and response of the CP interface. Figure 10 shows the end portion of a T-Beam made of 1" HSLA-65 stock that was inspected with the weld inspection system at a travel or "scan" speed the same as the weld process speed. Figure 11 shows the 3D profile reconstructed from the 2D profiles acquired by the weld inspection system. Figure 12 and Figure 13 show the 2D profiles for locations "A" and "B" as shown in Figure  10 . The inspection system accurately measured all of the weld geometry details. This test also demonstrated the capability of the CP to accurately and in real-time acquire weld geometry date from the weld inspection system. Closed-loop control of the process parameters based on weld quality attributes will be demonstrated in the next series of tests. While the weld inspection system can precisely measure weld joint profiles, it does not measure weld penetration depth, nor can it detect the presence of internal voids. Some systems have been identified to evaluate volumetric integrity of the weld by analyzing weld-zone infrared emissions [5] or by simultaneously analyzing infrared and ultraviolet emissions [6] as being developed by Applied Research Laboratory (ARL) at Pennsylvania State University. By evaluating the ratio of the averages of the IR and UV spectral signature, ARL has been able to measure weld volumetric integrity. These systems and others are currently being evaluated to determine the optimal method for volumetric integrity measurement as part of the total weld quality monitoring system.
In addition to the weld quality monitoring system, a video monitoring system, utilizing a CMOS-based camera, is being implemented and included as part of the PCS. At present, video monitoring will only allow the operator remote viewing of the laser welding process. In the future, data may be extracted from the video images for control and used as needed.
TEST FACILITY DESCRIPTION
The demonstrator facility, shown in Figure 9 and Figure 14 , has been built to test and demonstrate the PCS. The test facility includes a 25 kW CO 2 laser, 36-foot side beam gantry, laser beam delivery optical system, GMAW power source, wire feed system, clamp fixture, and PCS. The welding head, which includes laser beam delivery optics, seam tracker sensor, torch, and weld inspection sensor, along with the servo motors driving the weld head, and wire feed system are mounted on a carriage which rides on the gantry's 36-foot horizontal beam. Several assemblies of various configurations (both Iand T-Beams, straight as well as curved), and material types (A-36, DH-36, HSLA-65, and the super-austenitic stainless steel AL6-XN), ranging in length up to ten feet have been successfully produced to test various features of the PCS. For example, an 8-foot long curved section fabricated from ½" thick A-36 plate stock welded using the LBW-CW process at 75 inches/min.,shown in Figure 15 , was welded to demonstrate the integration of the laser weld process with seam tracking and beam delivery control. Parametric studies are underway to populate the database for closed-loop control of the laser welding process. These have begun with the fabrications of T-and I-beams made of A-36, DH-36 and HSLA-65 material in thicknesses ranging from 3/16" to 1". As a starting point, the beams were fabricated at fixed process speeds of 75 and 100 inches/minute, while other process parameters were varied. The beams were then transversely sectioned to measure weld penetration. Figure 16 shows the macro-etch from a T-beam made from ½" thick AL6-XN plate using the LBW-CW (laser "cold-wire" weld) process at 100 inches/minute. Figure 17 shows a macro-section from a welded T-beam made from ½" thick plate of the high-strength steel alloy, HSLA-65 welded using the laser-hybrid process at 53 ipm. Figure 18 shows a macro-section from a welded T-beam made from 1" thick plate of the high-strength steel alloy, HSLA-65 welded using the laser-hybrid process at 40 ipm. Also, as part of the parametric studies, a sample 20-foot T-Beam was fabricated for NGNN using the PCS. The 20-foot long T-beam shown in Figure 19 was fabricated from HSLA-65, with a 4" x ¼" flange and an 11-3/4" x 3/16" web. The beam was fabricated utilizing the LBW-CW process at a process speed of 100 ipm. Table 1 shows the comparison of the ASTM-A6 and NGNN dimensional requirements to the actual dimensions of the fabricated part. As shown in the table, all of the dimensional requirements were more than adequately met. 
SUMMARY
A Process Control System (PCS) has been designed and is being implemented that is fully integrated and automated for laser welding of high-precision lightweight structural shapes. The PCS not only utilizes predefined process parameter setpoints for closed-loop control of the weld process but it also adapts the weld process parameters based on weld quality attributes and joint gap data. The system integrates these weld quality variables along with the more traditional process parameters such as laser power, wire feed, GMAW voltage and active seam tracking. The PCS has sufficient bandwidth and response time to achieve welding speeds up to 600 inches/minute.
The PCS is being implemented and tested in a test facility which includes a 25 kW CO 2 laser, 36-foot side beam gantry, laser beam delivery optical system, GMAW power source, and wire feed system. Various features of the PCS system (such as active seam tracking controls, and real-time closed-loop of the laser, GMAW, wire feed, and adaptive beam delivery subsystems) have already been successfully tested and demonstrated at process speeds up to 100 inches/min. Real-time acquisition of joint gap and weld quality attribute data has also been demonstrated.
Testing to date demonstrates the importance of realtime closed loop control of the laser welding process for the fabrication of structural shapes with much greater precision, less overall heat distortion and significantly improved fatigue life than possible with conventionally welded shapes.
